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ABSTRACT
Small satellite buses have traditionally been manufactured through subtractive means and ultimately limiting
capability in feature, form, and an inability to alter the volumetric density of the material. However, emergent additive
manufacturing methods that utilize Fused Deposition Modeling (FDM) integrated with soluble support material allow
us to print synthetic thermoplastics, such as Polyetheretherketone (PEEK). Consequently, the number of structural
parts and hardware components is reduced, along with the cost. Structural strength and dimensional stability of PEEK
are comparable to traditional aluminum alloys in the construction of most satellite components. Additive
manufacturing further allows the implementation of topology optimization algorithms to develop and produce
complex geometries with resolutions up to 5μm in x/y movements and 1μm in z movements. Thermoplastics possess
ideal strength to weight ratios and thermal expansion coefficients that can be exploited to design more desirable
components of small satellite buses. We believe that topology-optimized, 3D-printed small satellite frames made from
PEEK can offer a lighter alternative to their metal alloy counterparts. To show this, we will demonstrate the generative
optimization of the SPectral Ocean Color (SPOC) satellite’s 3U frame and compare its structural, thermal, and modal
analysis simulations to those of an optimized design.
INTRODUCTION

industries such as automotive, medical devices, robotics,
and many more. 3D printing is among the forerunners of
additive manufacturing techniques due to its wide
availability, low cost, and ability to use a multitude of
different materials with varying mechanical properties.
3D printers have the ability to print at extremely high
temperatures with high tolerances at a relatively rapid
pace, allowing a user to prototype and manufacture quite
literally anything they can imagine.

In recent times, the space industry has radically changed
as academic and commercial entities have begun
investing vast amounts of time and funding toward
private satellite missions. Through the regulation of
small satellite sizes and weights, CubeSat programs have
revolutionized accessibility to Low Earth Orbit (LEO)
by standardizing physical mission constraints,
deployment mechanisms, and rideshare programs.
Additionally, due to a CubeSat's low cost, it is a
remarkably low-risk option to consider when attempting
to test modern technologies in space applications without
jeopardizing high-risk missions during the exploratory
testing phase. Such technologies include topology
optimization algorithms, additive manufacturing
techniques, and the inclusion of thermoplastics in
structural components.

One example of a notable material relevant to the space
industry that is enabled by 3D-printing technologies is
polyetheretherketone
(PEEK).
This
type
of
thermoplastic from the polyaryletherketone (PAEK)
family is a semi-crystalline polymer that exhibits
exceptional mechanical properties, high-temperature
resistance, and very low outgassing tendencies. PAEK’s
exceptional material performance is related to the rigid
nature of the repeating unit Figure 1, which consists of
aromatic molecules linked by in-chain ether and ketone
functional groups [12].

Topology optimization (TO) is a numerical method that
optimizes the distribution of the material in a structural
component based on a constraint, whether that is
accelerated loading, mechanical vibrations, or difference
in thermal distributions. The implementation of TO in
model-based design is not a new concept, but it has
proven rather difficult to apply to tangible parts due to
limitations imposed by subtractive manufacturing.

The above technologies can tremendously impact the
way in which small satellite buses are designed and
manufactured by redistributing indispensable weight to
the scientific payload. Furthermore, they can be scaled
far beyond the applications of small satellites to include
smaller structural components on rockets, satellites,
space stations, etc. The benefits are interminable which

However, the emergence of additive manufacturing
techniques has begun to prove TO applications in
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Simulation
Requirement

Units

Axis
Axial

Lateral

Structural

Acceleration (G)

-1/+6.5

±1.5

Modal

Frequency (Hz)

5-100

5-100

Table 1: Mechanical Requirements per Antares
User Launch Guide

(a)

through Ansys Workbench R1 consisted of a
modification to both the payload and frame of the
original
SPOC
model-based
designs.
These
modifications, outlined in Figure 2, show the
adjustments made to the assembly using CAD software.
The figures on the left illustrate the original payload, and
the figures on the right are a simplified version of the
former. These simplifications are a practical approach to
ensure ease of use and proper work solutions when
processing the assembly through Ansys software
packages. Utilizing a simplified payload also leads to
better results when modeling a topology optimized frame
as node clusters cause significant

(b)

(c)
Figure 1: Repeating unit of (a) PEKK, (b) PAEK,
and (c) PEEK
raises the question: why are topology optimization,
additive manufacturing, and space-grade thermoplastics
not utilized in the space industry?
The goal of this research is to prove that the combination
of these modern technologies is a suitable mechanical
solution for cost-efficient, reproducible, and structurally
sound small satellite buses in the future. This paper
serves as a case study comparing the University of
Georgia’s (UGA) original SPectral Ocean Color (SPOC)
3U cubesat frame to one recently redesigned out of
PEEK that underwent structural, modal, and thermal
finite-element simulations to validate topology
optimization algorithms on PEEK satellite frames.

Figure 2: Original (2x left) and Modified (2x right)
Models
interference in the simulation software as well as
unnecessary complications. Further care was taken to
avoid tight clusters of nodes during the meshing
operation by removing all radii and unnecessary holes
from the assemblies.

MATERIALS AND METHODS
The electronics stack consists of the components listed
in Table 2. All boards have a standard perimeter
measuring 90 mm x 96 mm (PCI104 Standard).
Dimensions in the z-direction are not included due to not
being necessary in the simplified stack model. All other
included measurements were appropriately captured
while making the simplified model, including the overall
weight and center of mass, which was overwritten by the
user.

Design Criteria
The technical requirements for SPectral Ocean Color
(SPOC) mission were to operate in low Earth Orbit
(LEO) at an altitude of 405km as well as abide by the
requirements set forth by the Antares User’s Guide for
launch. Once in orbit, the rocket was launched to the
International Space Station for handoff and satellite
deployment. The mechanical requirements provided in
[17], are provided in Table 1.

The electronics stack was further simplified to be
modified as a single material representative of the whole
stack, whose physical properties are provided in Table 3.

Model-Based Design and Implementation
The initial procedure used for running the simulations
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Mass (g)

Max Instantaneous Power
Draw (W)

PYLD

106.9

1.986

CDH

205.4

4.246

Component

EPS

901

1.444

COMM

352.7

5.836

ADCS

335

0.453

tolerance when running the simulations. This raster
angle and its associated properties are a reasonable
means of fabricating such a frame with minimal
distortions during the manufacturing process.
Structural Simulation Implementation
This simulation was performed in order to determine
whether a PEEK frame would reach fracture under either
axial or lateral loading during launch. The analysis
included conducting the equivalent elastic strain, total
deformation, and directional deformation of the system.
SPOC’s orientation was again assumed to be aligned
with the resultant forces parallel to the z-axis of the
satellite. Since CubeSats <5kg have issues with
obtaining an accurate envelope for expected loads so a
respective factor of safety of N=2.0 was used within the
simulation [16].

Table 2: Payload components with mass and max
power draw
Property

Frequency

Density

1.957 g/cm3

Linear Isotropic Elasticity

205 MPa

Mass

1.901 kg

Volume

0.001139 m3

Youngs Modulus

190 GPa

Thermal Conductivity (max)

14 W/m.K

Thermal Expansion (max)

18.10e-6 1/K

Specific Heat (max)

530 J/kg.K

Poisson’s Ratio (min)

0.265

Fixturing was again applied on both the Z+ and Z- faces
while conducting the simulations. The inertial loading
analysis determines total deformation and equivalent
stress under launch conditions. The acceleration used in
the simulation was determined using the JPL MassAcceleration Curve, with the projected mass of SPOC at
3.64 kg. The resultant acceleration is approximately 42
G’s (gravitational acceleration), or 412.02 m .s-2.
Accelerations of 42 G’s were applied to the frame in both
the axial and lateral cases.
Steady-State Thermal Simulation Implementation

Table 3: Simplified Properties of Electronics Stack

Workbench was once again used to implement steadystate thermal simulations that were modeled to be
representative of the satellite in orbit. In order to
effectively simulate the space environment, there are
several heat sources that must be included in the analysis.
The thermal loads were categorized as follows:

Modal Simulation Implementation
Ansys was used to conduct the modal analysis of the
system as well as provide the TO design from the results.
The solution obtained for the natural frequencies of the
assembly is then processed through Ansys’s topology
optimization program, where mass is kept in the
necessary regions of the frame that correspond to a range
of predetermined frequencies experienced during flight.

-

The frame was assumed to be launched in the upright
position, so it was fixed on both its Z+ and Z- faces
during the simulation as these were the faces supported
by the deployer. A random vibration test was used in
order to identify the first 6 lowest modes of the satellite
bus and a mechanical deformation analysis was
performed to find the maximum deflection during
resonance.

-

The modal and structural analysis in Ansys does not
support the ability to test materials with anisotropic
mechanical properties, so for the purposes of the model,
the mechanical properties corresponding to a raster angle
of H-90° were used. This is less than the material’s
maximum mechanical properties and when applied to the
mesh it can be assumed that the frame will be well within
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Internal Heat Load: Internal heat is generated
from the electronics stack while operating in
orbit. All devices within the payload stack were
assumed to be operating in “image mode” as
this mode is tested to produce the max
instantaneous internal heat of 13.965 watts, as
noted in Table 3. This data was collected at oneminute increments during a power budget test
lasting six hours. The tabulated data was
directly imported to Ansys.
External Heat Load: Satellites experience many
external heat loads during orbit including solar
heat fluxes, primarily direct sunlight and
reflected albedo. Additionally, the Earth also
emits infrared energy. These sources are
simplified in Table 4. The external faces of the
frame itself will be covered by solar panels on
all faces except for the X+ and Z- faces, but an
emissivity and absorptivity, representative of
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the solar panels, of 0.45 were selected for all
faces to simplify the simulation.

Layer Thickness

0.1-0.3 mm [5]

Ambient temperature

150-200 C [6]

Nozzle Temperature

420-440 C [7]

The thermal loads are summarized in Table 4.
Heat Source

.

Flux (W m s )

Direct Sunlight

290

Albedo

70

IR Energy

70

Beta Angle Correction
Internal Heat Generation

. -2

Print speed
Infill

structure itself cannot be treated with the same properties
as injected molded samples. This is because FDM
materials possess an anisotropic property that is
pronounced due to the limitations of layer adhesion, nonuniform cooling, layer heights, and chamber
temperatures. For PEEK, layer cooling is crucial for
ensuring proper capitalization of the material properties.

13.965

The differences in material properties from injected
molded PEEK [3] are due to the formation of voids at
cross junctions between beads as well as inconsistent
crystallization rates. These inconsistencies can become
more apparent when fabricating larger structures as it is
challenging to achieve consistent rates of cooling within
the build chamber [13]. Proper post-processing of the
print aids has been suggested to improve mechanical
performance in certain settings, but the data is
inconclusive in determining if the practice has a
significant impact. However, other printer settings
appear to contribute to the bulk of improved mechanical
properties. Removing porosity improves overall
mechanical properties, however, the percent of
crystallization is unlikely to exceed 45-50%. With some
samples retaining a maximum of 96% of bulk materials
strength with proper fabrication settings [18].

The result of the thermal simulation provides a
temperature gradient that displays both the location and
thermal load across the entirety of the frame. In order to
optimize this, we removed portions of the frame that
received significantly less thermal load than the
surrounding area. This ensured that thermal integrity
remained paramount while still drastically reducing
overall weight.
Mechanical Properties of FDM Printed PEEK

The filament used to produce specimens for testing in the
literature [3] was 1.75 mm diameter Victrex® PEEK
450P [14]. The filament exhibits glass transition and
melting temperatures of 153 °C and 340 °C respectively,
as found in the Victrex® PEEK 450P database.

Prior research has demonstrated a comparative analysis
on the additive manufacturing processing conditions
needed to obtain optimal mechanical properties for FDM
3D-printed PEEK. Such parameters include high
printing temperature and bed temperature, and printing
orientation. The reported parameters in the literature for
FDM 3D-printed PEEK are listed in Table 5.

As seen in Figure 3, the difference in raster angle
dramatically changes the mechanical properties. Where
molded PEEK samples retain the maximum mechanical
properties in Table 6, the lowest of values structurally
appear at a raster angle of V-90°. This is exceptionally
true for tensile-tested values, but for the purposes of the
SPOC mission, exceptional tensile elongation and
strength are not required.

Such parameters were used when examining specimen
materials in flexural and tensile testing at different raster
angles. These raster angles are crucial in understanding
the physical limitations of 3D printed PEEK as the
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Annealing [6]

Table 5: Ideal FDM Print Settings for PEEK

.04 (unitless)

SPOC’s orbit was in LEO at an elevation of 400 km with
an average beta angle of 70o. The data in the table above
accounts for each of these variables and are the average
over an entire orbital period, including when the satellite
is both in direct view and hidden from the sun. Thus,
these values were input as constants over the duration of
the simulation. Due to average values being used, the
final thermal gradient will not be representative of the
max hot or cold case of the satellite, but rather a general
idea of the heat trends.

Raster angle

100%

Heat treatment method

Table 4: External, Internal Heat Loads and
Correction Factor

Parameter

20 mm/s [8]

Value
0 [3]

4
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Flexural Props.

Tensile Props.

Raster
Angle

PEEK
450G

H-0

H-90

V-90

Young’s
Modulus
(GPa)

3.8 +
0.03

3.54 +
0.05

3.03 +
0.01

4.0

Tensile
Strength
(MPa)

82.58 +
1.03

72.88 +
1.92

9.99 +
0.94

98

Tensile
Elongation

110.97
+ 5.31

2.91 +
0.14

.33 +
0.03

4.5

Poisson’s
Ratio, v

0.44 +
0.02

0.43 +
0.01

0.37 +
0.005

1

Flexural
Modulus
(GPa)

3.08 +
0.22

3.06
+0.21

2.54 +
0.07

3.8

Flexural
Strength
(MPa)

142.0 +
5.56

124.3 +
7.98

16.40 +
2.18

165

Shore D Hardness

84.5

Water Absorption

0.45%

Ultimate Tensile Strength
Max Stress

78.0 + 7.2 MPa
173 + 8 MPa

Table 7: PEEK Material Properties [9]
Off-Gassing
In accordance with the ECSS-Q-ST-70-02C standards
[10], materials qualified for space-based applications
must meet the following criteria and procedures for
proper adoption into a mission’s payload: Recovered
Mass Loss (RML) < 1.0% and Collected Volatile
Condensable Material (CVCM) < 0.10%. The
requirements of RML and CVCM may require even
lower minimum values for materials used in the
fabrication of optical devices, or in their vicinity. For the
purposes and mission of SPOC the off-gassing values for
PEEK printed frames are within the minimum tolerance
limit after proper post-processing procedures. The values
illustrated in Table 7 [11] and Table 8 [1] are measured
at 0.11% and 0.01% for RML and CVCM respectfully.

Table 6: Tensile vs. Flexural Properties of PEEK [3]

Density (g/cm3)
From Datasheet
[15]

Density (g/cm3)
Measured [15]

PEEK 3D Tensile
Sample

1.300

1.221 + 0.036

PEEK 3D
Outgassing sample

1.300

1.244 + 0.025

Density
Measurements

Figure 8: Density at different RML and CVCM
To ensure such values are met it is practical to bake
critical hardware to the highest permissible temperature
for a prolonged time in order to remove residual
contaminants. For the requirements of the SPOC mission
using proper annealing procedures after printing will
ensure tolerable off-gassing values [3].

Figure 4: FDM of PEEK Samples in tensile and
compression tests. Left shows 0o beads orientation;
right shows 90o bead orientation.
PEEK Material Properties

Typical Value

Density

1.3 g/cm3

RESULTS AND DISCUSSION

Thermal Expansion Coefficient

140 ppm/k

Modal Simulation Results

Heat Deflection Temperature
Thermal Conductivity

0.32 W/ m.k

Elongation at break (%)

45

Compressive Modulus

3.2 GPa

Compressive Strength

125 MPa
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The modal analysis performed on the simplified frame
and payload produced the following results outlined in
Table 9, with the first and lowest mode being 249.3 hz.
This provides a factor of safety just under 2.5 for the
satellite when compared to the minimum lowest mode of
100hz required by the launch provider. However, since
this simulation did not include fasteners, individual
electronics boards or payloads, the actual modes will be
lower than those received. However, they provide a good
indication of whether the PEEK frame will be
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structurally rigid enough to support the satellite during
launch.
Additionally, the total deformation results of the
mechanical analysis also stayed within acceptable
tolerances, with a maximum deformation of 0.04514
mm. Hence, inspection of the results from both the
modal analysis demonstrates that the PEEK frame is
capable of meeting the vibrational requirements of the
launch provider’s specifications.
Mode

Frequency

1st

249.3 Hz

2nd

333.9 Hz

3rd

472.29 Hz

4th

481.92 Hz

5th

500.32 Hz

6th

521.76 Hz

Figure 5: Results of Total Deformation Simulation

Table 9: Modes of the PEEK frame
Structural Simulation Results
The structural simulations necessary to establish a TO
frame include a total deformation, directional
deformation, and equivalent elastic strain analysis
outlined in the figures below. As seen, there is minimal
deformation during loading as shown in Table 10. These
results prove to be acceptable for the requirements set
forth by Antares for the structural rigidity of the frame.
There are no major concerns with the simulations,
especially considering that no major deformation occurs
that could affect either the stability of the electronics
stack. In addition to the results of the modal simulations,
these results show promise when considering PEEK as a
major structural component for future satellite missions.

Figure 6: Results of Equivalent Elastic Strain
Simulation

(a)
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as FDM PEEK. However, they do show an
approximation of the directional deformation for the
assumed orientation experienced during launch as seen
in Figure 6.
Thermal Simulation Results
The thermal simulation results proved inconclusive for
this paper. They were riddled with problems during
implementation even with the simplifications and
assumptions made during the design process and we
were unsuccessful in receiving an outcome we were
confident enough to present in this paper. Other literature
has explored similar space applications for PEEK and
has proven desirable results are obtainable. However,
these results proved better suited for smaller applications
such as 1U models.

(b)

Topology Optimization Results
Using the results gathered from the Static Structural and
Modal vibration simulations the topology optimization
could be determined using the Ansys workflow. This
model acts as a TO representation of the frame suited for
the environment experienced at launch without the
addition of the thermal steady-state heat flow results.
This produced the image seen in Figure 7 which shows a
majority of the material removed from the X+/- and Y+/faces which ultimately leads to a significant decrease in
weight compared to its Aluminum counterpart. The final
PEEK TO frame had a proportional mass of 131.6g to
the original mass of the 238.4g Aluminum frame.
These weight reductions not only correlate to more mass
that could be placed elsewhere in more robust or
powerful electronics but also to decreases in both the
launch and manufacturing costs of the satellite as a
whole. Launching is typically priced per kg, and while
131g may not be much compared to the total mass of the
satellite, those savings alone total higher than $1000
USD per launch. 3D printing is also generally
significantly cheaper than machining, requiring much
fewer man hours and attention to detail, allowing the
final customer to realize their physical design much
sooner than was available before.

(c)
Figure 7: Results of Directional Deformation in (a)
x-axis, (b) y-axis, and (c) z-axis

Deform.

Equiv.
Elastic
Strain
2.49e -5

Total
Deform.

6.49e-6

Directional
Deform.
x

y

z

2.45
e-6

5.58
e-6

2.51
e-5

Although this frame may appear to be sporadic and nonuniform, the distribution of weight is such that the frame
will still provide acceptable modal and structural
strengths under loading conditions. It has more than
enough surface area to stabilize the required electronic
stack and mount the solar panels to each face while
leaving proper routing for both harnesses and
mechanical interfaces. Any critical areas not covered by
solar panel assemblies can be shielded using foil or other

Table 10: Results of Directional Deformation
Simulation
The Directional Deformation simulations are not
accurate to the true nature of an anisotropic material such
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of the frame.
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